The starch/natural rubber composite was prepared by blending the modified starch by esterification with natural rubber latex. The modified starch particles are homogenously distributed throughout the natural rubber (NR) matrix. In comparison with the host NR, the thermal stability of composite is significantly improved. The thermal degradation temperatures (T) and reaction activation energy (E) of composite are higher than those of the pure NR. The hardness, stress at 500%, tensile strength, permanent deformation and tear strength of composite increase linearly with the increment of dosage of modified starch.
Introduction
Starch is a renewable, biodegradable, inexpensive, widely obtainable and environmental friendly material. There is currently a growing interest in the development of starch-based to produce biodegradable blends with polymer such as polypropylene [1] , polystyrene [2] , polyethylene [3] [4] [5] [6] , PLA [7] and so forth. With the gradual drying up of petroleum and the higher demand of environmental protection, the application of starch as a rubber-reinforcing filler has drawn an increasing interest in recent years.
Starch has many disadvantages for its application as a rubber-reinforcing filler, such as its large particle size (5-20 µm), strong polar surface, high cohesion energy and high soft temperature [8] [9] . To overcome these disadvantages, various methods can be employed to improve the properties of starch/rubber composites. One of the ways is to modify starch, and then blend with rubber to prepare starch/rubber composites. Goodyear Company modified cornstarch by fine dispersion to improve the properties of tires [10] . Wu et al [11] [12] modified starch by paste, and prepared the starch/rubber composites by blending the modified starch with natural rubber latex. Liu et al [13] modified starch with polybutylacrylate graft chains, and prepared composites through co-coagulating with natural rubber latex. Angellier and Viguié et al [14] [15] [16] obtained starch nanocrystals from acid hydrolysis of waxy maize starch, and blended nature rubber to prepare the composites. Another way is to modify rubber, and then blend with starch to prepare starch/rubber composites. Rouilly et al 2 [17] grafted natural rubber latex by dimethylaminoethyl methacrylate to prepared starch/rubber composites. Nakason et al [18] synthesized grafted copolymer by grafting Natural rubber with methyl methacrylate, and then blend cassava starch to prepare composites. Natural rubber (NR), as a renewable natural resource, has many excellent comprehensive properties, such as outstanding resilience, high strength and good processability. But NR is much costly comparing to starch, the composites of starch and NR will become important in the future. Some research has been performed on starch/NR composites [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
The methods used to improve interfacial strength between starch and rubber, are important for the application of starch in the rubber industry. In this paper, starch was modified by esterification of xanthic acid, and the starch/NR composite was produced by blending the modified starch with nature rubber latex. Physical properties in terms of hardness, stress, tensile strength, permanent set, elongation at break and tear strength of the composites were examined. Furthermore, to fundamentally understand the degradation mechanism and investigate the effect of modified starch on the degradation of the resulting composites, we also studied the thermal degradation kinetics.
Results and discussion

The mechanical properties of modified starch/NR composite
The mechanical properties of six composites are listed on Table 1 . It can be seen that the mechanical properties of composites improved remarkably with the loading of modified starch into NR. The content of starch was found to have a significant impact on the mechanical properties of the composites. The results show that the composites exhibit the best mechanical properties at the modified starch content of 20 parts per hundred rubber (phr), where the hardness, stress at 500%, tensile strength and tear strength increase by 24%, 179%, 32% and 12% respectively compared to NR. The relationship between the modified starch content (C) and the hardness (H) of composites are shown in Fig. 1 . It can be seen that the hardness of composites increases linearly with the increment of the content of modified starch. The relationship is H=0.4686C+42.14. This is because the movements of the main chain have decreased after the adding of starch particles, which leads to the increase of hardness of composites. These results are similar to the results of Elongation at break shown in Table 1 , namely, the elasticity of the composites decreased after the addition of modified starch. 6 Figure 6a shows the size of the starch granules is around 2-10µm, and the shape of the starch granules is circular or polygonal. The surface of starch is compact and smooth. From Figure 6b and 6c, it can be seen that the size of the starch granules in composites strongly reduces to be smaller than 2 µm. The fracture surface of the composites becomes coarser with increasing the dosage of modified starch, indicating that the resistance of composites to external force is the bigger, and NR is strengthened with modified starch obviously [22] . Fig. 7 . presents thermogravimetric and derivative thermogravimetric (TG/DTG) curves of pure NR and modified starch/NR composite in nitrogen with a heating rate of 10 0 C/min. There is only one turn in the TG curves and one corresponding weightloss peak in the DTG curves, which indicates that there is only one obvious decomposition step of NR molecular chains primarily initiated by thermal scissions of C-C chain bonds accompanying with a transfer of hydrogen at the site of scission. In comparison with the pure NR, the degradation curve of composite is shifted to a higher temperature.
Tab
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Thermogravimetric analysis of the starch/NR composite
The initial degradation temperature (T 0 ) and final degradation temperature (T f ) are calculated with a bi-tangent method from TG curves, and the peak degradation temperature (T p ) is the temperature at maximum degradation rate which can be obtained from the peak of the DTG curves. Various degradation temperatures of the modified starch/NR composite are higher than those of the pure NR (Table 3) . Specifically, the T 0 , T p , and T f of the composite increase 13 The kinetic analysis is very important for polymers as it can provide information on the energy barriers of the process and offer clues to understand degradation mechanism. The kinetic parameters of a thermal decomposition reaction can be evaluated by dynamic experiments [23] .
In thermogravimetric measurements, the extent of decomposition can be calculated as follows:
where α is extent of decomposition; W t , W o , W f are the actual, initial, and final mass of the sample, respectively. A typical model for a kinetic process can be expressed as:
where -d(1-α)/dt is the decomposition rate; f(α), the function of α, depends on the particular decomposition mechanism, the simplest and the most frequently used model of that is:
where n is the reaction order.
k is decomposition rate constant, which is assumed to obey the Arrhenius relationship:
where A is the preexponential factor (s ) and T is the absolute temperature (K). Substituting the eqs. (4) and (3) into eq.(2), we obtain
When a dynamic experiment is performed, the temperature T, changes linearly from the initial temperature T o , according to the heating rate u, during the time t, then:
Equations (5) and (6) may be combined to give:
This, according to Broido [24] , can be expressed as:
where T m is the temperature of the maximum reaction velocity and Z is a constant, the activation energy is determined from the slope of the straight line which results by plotting ln{ln[1/(1-α)]} versus 1/T.
The apparent activation energies (Ea) for the thermal degradation of NR and modified starch/NR composite are calculated from the TG curves using the method described by Broido. Broido,s method is based in eq. (8) . Plots of ln{ln[1/(1-α)]} versus 1/T for the temperature range 300-450 0 C are shown in Figure 8 . It can be seen that there is only one distinct degradation period. The E a for the pure NR is 95.5kJ/mol, and 107.7kJ/mol for the composite, which is 12.2 kJ·mol -1 higher than that of the pure NR. This confirms that the thermal stability of modified starch/NR composite is better than that of the pure NR, as quite more energy is required during the thermal degradation. The improved thermal stability of the composite attributes to the introduction of modified starch into the NR matrix, where the starch and NR molecular chains are strongly interacted through formation of hydrogen bonding between the acidamide group of a few proteins in NR and the hydroxyl group in starch. 
Conclusions
The starch was modified by esterification, and the modified starch/natural rubber composite was prepared by blending the modified starch with natural rubber latex. The modified starch particles are smaller than 2 µm and are homogenously distributed throughout the NR matrix. The hardness, stress at 500%, tensile strength, permanent deformation and tear strength of the composites increase linearly with the increase of starch loading.
The thermal degradation process of the modified starch/NR composite is similar to that of the pure NR, and only involves one degradation step. In comparison to the host NR, the thermal stability of the composite is significantly improved. The initial, peak and final degradation temperatures of the composite increase 13 0 C, 4 0 C and 14 0 C, respectively, over the pure NR. The apparent activation energy for the composite is 107.7kJ/mol, which is 12.2 kJ·mol -1 higher than that of the pure NR.
Experimental part
Materials
Natural rubber latex, 30%(w/w), was kindly provided by the rubber processing factory of experimental farm which belongs to Chinese Tropical Agriculture Academy (Hainan, China). Cassava starch was purchased from starch factory of Qiongzhong, Hainan province (Hainan, China).
Modification of starch
162 g starch was blended with 2400 ml distilled water with mechanical stirring until the starch dissolved to paste, 100 ml sodium hydroxide (5 mol/L) was then added into the latex, and the mixture was kept under stirring for 30 min. After that, 12 ml carbon bisulfide was added into the mixture under strong stirring for 1 h until 17 ml 0.5 mol/L hydrogen peroxide solution was added. Thus starch xanthate, namely modified starch was obtained [25] .
Preparation of starch/NR composite
Modified starch and NR latex were mixed and stirred vigorously for 30 min. The acetic acid was added to co-coagulate the rubber latex and modified starch. After being washed for several times by water, the coagulum was dried in an oven at 75 0 C to obtain modified starch/NR blends. Basic formulation of compounds is shown in Table 3 . Compounding was carried out on a two-roll mill at 50-60 0 C in a standard procedure. The rubber compound sheets were compressed and vulcanized at 145 0 C for t 90 . The modified starch/NR vulcanizates are referred to as modified starch/NR composites in this paper. 
Tab.3. Compounding formulation (phr
Characterization
Scanning Electron Microscopy (SEM) morphologies were taken from the tensile fracture surface of composites using a JSM-T300 SEM. A TA Q600 thermogravimetric analyzer (TGA) was used for the thermal degradation measurement. In nitrogen, the measurement of the sample (ca.10 mg) was carried out from 100 
